The kinetics of simultaneous removal of carbon, nitrogen and phosphorus from a synthetic wastewater in an innovative up-flow aerobic/anoxic sludge fixed film (UAASFF) bioreactor was investigated. The kinetic analysis was performed using the experimental data obtained in an earlier study where the UAASFF bioreactor was examined under different operating conditions by changing three independent variables, HRT, COD:N:P ratio and aeration time. In the analysis, different kinetic models (Monod, first-order, second-order and Stover-Kincannon models) were evaluated. The maximum removal efficiency of COD, total nitrogen (TN) and phosphorus (TP) were obtained to be 95.42, 79 and 79
INTRODUCTION
respect to space, odor, view and biosolids production.
Discharge of untreated wastewater containing anaerobic processes in a single bioreactor are seen nitrogen and phosphorus into receiving rivers result in as a viable alternative and enhancing the overall environmental and human health problems such as fish removal efficiency [4] . A number of integrated bioreactors poisoning by ammonia and eutrophication in water (such as; a naerobic-aerobic granular biofilm bioreactor, bodies. It is, therefore, necessary to remove these anoxic/oxic-membrane bioreactor (A/O-MBR), nanosubstances from wastewaters for reducing their harms to filtration membrane bioreactor (NF-MBR), staged environments. Biological treatment has been accepted as anaerobic-aerobic membrane bioreactor (MBR), rotating one of the most feasible, eco-friendly and cost-effective biological contactor and activated sludge (RBC-AS) and options for the treatment of pollutants [1] [2] [3] . The integrated anaerobic-aerobic fixed-film reactor (FFR)) have performance of biological wastewater treatment systems been developed which allow the coexistence of anaerobic can be improved by maintaining a high biomass and aerobic populations inside the same reactor [4] [5] [6] [7] [8] [9] [10] . concentration; because of the wastewater treatment Biomass concentration in biological reactors can be capacity is proportional to the total biomass of the increased by variety techniques. Passive immobilization bioreactor.
and intermittent aeration and effluent discharge in are two In the recent years, substantial attention has been approaches for obtained this purpose [11] [12] . The paid towards the compact high-rate bioreactors for intermittent aeration strategy can also reduce the cost of wastewater treatment to meet the strict constraints with treatment operation and demand for rbCOD contained in the influent wastewater, so that PAOs will obtain COD/N/P ratio). Different mathematical models including sufficient rbCOD for anaerobic P release, which is Monod, first-order, second-order and Stover-Kincannon beneficial to biological P removal. In addition, in an model were employed to predict the kinetic coefficients. intermittently aerated bioreactor, the organic C stored by PAOs could be used by denitrifiers for denitrification in Theoretical Development subsequent anoxic periods [13] , resulting in less Mass Balance Model: For an UAASFF reactor without dependence of denitrification on the rbCOD content in the biomass recycle, the rate of change of biomass in the influent wastewater. Therefore, stable and efficient N and system can be expressed as Eq. (1): P removal can be achieved in intermittently aerated bioreactors. On the basis of the above consideration, an
(1) innovative up-flow aerobic/anoxic sludge fixed film (UAASFF) bioreactor with intermittent aeration as a
If it is assumed that the influent biomass hybrid reactor which is a combination of an activated concentration can be neglected and the condition is sludge (AS) and an immobilized cell or fixed film (FF) steady-state (dX/dt = 0), Eq. (2) which was derived by reactor. The UAASFF was established and applied as a rearranging and simplifying the Eq. (1), single treatment unit for carbon, nitrogen and phosphorus removal. The possibility to achieve high biomass (2) concentration, no requirement for additional equipment to circulate the mixed liquor between aerobic and anaerobic
The inverse of the term on the left-hand side of Eq. compartments and, consequently, the application of short (2) is defined as the average solid retention time (SRT) hydraulic retention time and wide variety COD:N:P ratio and then Eq. (2) is rewritten as: are the advantages of this type reactor.
Process modeling is an accepted route for describing (3) the performance of biological treatment systems and predicting their performance. In order to achieve the correct design of a bioreactor as well as the reactor's
In the Eq. (3), the term (-r /X) is known as the maximum performance, the kinetic coefficients should be specific substrate utilization rate, U, which is calculated as taken into consideration at the process of engineering follows: design instead of using only empirical methods. The types of substrates and microorganisms and environment (4) surrounding in a bioreactor are associated with value of the kinetic coefficients. Many models for the biomass growth processes have appeared in the wastewater By Substituting (µ=1/SRT) and U into Eq. (3) will have: treatment literature [14, 15] . Global parameters such as COD, BOD and NH -N were used as substrate for (5 The relationship between the specific growth rate, which are used to test the kinetics of organic and nitrogen the rate limiting substrate concentration and SRT can be removal in bioreactors [19] [20] .
expressed by the Monod Eq. (4) as follows: As the UAASFF system is involving a complex process (including anoxic and aerobic reactions in a single (6) system with attached and suspended microbial growth), determination of the kinetic constants is of great importance in practical point of view. Therefore, this (7) study is aimed to determine the biokinetic parameters of the process removing carbon, nitrogen and phosphorus using experimental data obtained under different (8) operational conditions (varying HRT, aeration time and (13) can be written as follows:
If the second term of the right part of this equation is accepted as a constant, equation will be modified as Substituting of Equation (17) 
This expression can then be solved for either the as nitrogen source, KH PO as phosphorus source and the aeration time were controlled with an air flow-meter 2 4 mineral nutrients such as MgSO (0.2 g/l), FeSO (0.01 g/l), and timer that connected to the blower. 4 4 CaCl (0.2 g/l) and NaHCO (0.073-1.45 g/l).
The reactor was inoculated with activated sludge 2 3 Bioreactor Configuration and Start up: A lab-scale treatment plant, Kermanshah, Iran). The inoculum sludge UAASFF bioreactor was used in this study ( Fig. 1) .
had a sludge age of about 15 d, a mixed liquor volatile The glass bioreactor column was fabricated with an suspended solids (MLVSS) concentration of 5.8 g/l. After internal diameter of 5.2 cm and a liquid height of 122 cm.
an initial dilution, 2.5 L activated sludge was seeded to the The working volume (total liquid volume excluding reactor, resulting in an initial MLVSS concentration of 3.8-volume of the pall rings in fixed bed section) was 2500 ml.
4.0 g/l in the reactor. The column consisted of three sections; bottom, middle and top. The bottom part of the column, with a height of Bioreactor Operation: In the first stage (reactor start-up), 80 cm was operated as an upflow activated sludge reactor, after adding the prepared inoculums, the bioreactor was the middle part of the column with a height of 25 cm was operated under continuous flow regime. At intermittent operated as a fixed film (FF) reactor and the third part is aeration conditions at temperature, HRT, COD:N:P ratio for providing sufficient volume at the top of the reactor in and aeration time were 20±2°C, 6.5 h, 1000:83.3:35 and order to continuous feeding and intermediate discharge.
40 min/h, respectively. It should be explained that The middle section of the column was packed with a each operation cycle was included three steps Packing Co. China). The voidage of the packed-bed reactor was 85.45% and the specific surface area of the 2 3 operated under room temperature (20±2°C). In order to taken from an aeration tank (municipal wastewater Range and levels (aeration, settling and effluent discharge) which are 3with closed reflux method was developed. intermittently carried out while the influent was Spectrophotometer (DR 5000, Hach, Jenway, USA) at 600 continuously fed. This was continued until providing nm was used to measure the absorbance of COD steady state condition. Intermittent effluent discharge was samples.Total Kjeldahl nitrogen (TKN) was determined by provided by using a programmable control valve at the TKN meter Gerhardt model (Vapodest 10, Germany). The bioreactor output. The time of discharge was adjusted by pH meter model HANNA-pH 211 was used to measure the giving the time program with regard to the operating pH. condition. The range studied for the HRT, COD:N:P ratio and intermittent cycling program for the aeration and RESULTS AND DISCUSSION settling time is presented in Table 1 .
In the second stage, the UAASFF bioreactor was SCOD Removal operated with synthetic wastewater under continuous Process Description:
The experimental values for SCOD flow regime and various experimental conditions by removal obtained from a process performance studies changing three independent variables viz. HRT, COD:N:P were used to determine the kinetic coefficients. Table 2 ratio, aeration time designed using Design Expert software summarizes the experimental conditions, effluent (ver. 6.0) as shown in Table 2 . The region of exploration parameters and the process responses. Influent COD for the process was taken as the area enclosed by concentration was kept constant about 1000 mg/l. The hydraulic retention times (2, 4.25 and 6.5 h), COD: N: P range of HRT studied corresponds to food to ratios (1000:50:20, 1000:83. Y relates to concentration of biomass in the bioreactor It was attributed to sufficient aeration time at higher HRT and amount of excess sludge wasted. The higher values which makes the response independent to aeration time in of Y obtained from the present work compared to the the design space studied. As a result, as the HRT other study was because of short HRT (corresponding to increases, less aeration time is needed. The COD /N ratio higher OLR) and more biodegradability of substrate in this (in the range of 4-20) did not show a strong effect on the research. process, as only a small difference is observed in the The maximum growth rates (µ ) and substrate results obtained with different COD/N ratio. However, the saturation constant (K ), were computed by plotting the response showed a little increase as the COD/N ratio was experimental data as SRT/((1+k .SRT)) vs. 1/S (Fig. 2d) . increased. Many methods have been used to describe the The values of kinetics coefficients, µ and K , were 1.36 overall kinetics of organic removal in biological g VSS produced /g VSS and 0.22 gCOD/l, respectively treatment systems. Here, the Monod model, first-order (Table 3 ). The K , as an apparent kinetic constant, model, Stover-Kincannon model and second-order model represent the half velocity coefficient of bacteria which (based on Substrate) were selected for describing COD has reverse relationship with yield coefficient (Y) and removal rate in the UAASFF reactor. bacteria decay rate (k ) [29] . Also K determines how Table 4 shows the kinetic coefficients reported from d determined to be in the range of 0.417-0.496 g VSS g/COD different studies. As presented in Table 4 , the value of the and 0.027-0.053 d , respectively, as shown in Table 3 . µ (1.36 d ) obtained in this study was higher than the 1 As noted in the is short, being an order of magnitude less than µ. indicating relatively high removal rate in the UAASFF However, when the system is operated in the endogenous bioreactor. 
Kinetics Evaluation for SCOD Removal

Kinetic parameters ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Kinetic parameters CODin HRT -----------------------------------------------------
First Order Model:
The majority of biological degree of precision. The values of first-order kinetic wastewater treatment processes are described by constant (k ) were calculated to be in the range of first-order kinetics. Reaction orders can differ when 12.09 -30.71 d ( Table 3 ). It was found that with an there is variation in the microorganisms, the substrate increase in the aeration time, the first-order kinetic or environmental conditions and they must be constant (k ) was increased favoring the biodegradation measured experimentally. The BOD and COD removal has reaction of the substrate. As data presented in the Table been traditionally modeled as a continuous first order 4, in a similar work, the first-order model was applied for reaction [32] . In this type of reaction, the rate of the process kinetics of in a lab-scale upflow aerobic breakdown is at first rapid when the organic content is immobilized biomass (UAIB) reactor treating simulated high, but gets progressively slower as the organic material sugar-manufacturing wastewater [25] . In this study, k is utilized. 
Second-Order Model (Grau Model): The second-order
Stover-Kincannon Model: Stover-kincannon model model was also used to evaluate the rate of the investigates the effect of the influent OLR on the removed biodegradation process occurred in the UAASFF OLR. Fig. 4b shows the graph plotted between inverse the bioreactor. In order to determine the kinetic coefficients removed OLR, V/(Q(S -S)), vs. inverse OLR , V/(QS ). (a, b and k ), Eq. (14) was plotted as shown in Fig. 4a .
According to Eq. (18), saturation constant (K ) and 2(s) It must be noted that the substrate concentration is of maximum total substrate utilization rate (U ) were high importance in second order reactions. Table 4 calculated (Fig. 4b) . The constant values for K and presents a comparable data for second-order kinetics from U were obtained 37.65 and 38.46 g/l.d, respectively different studies [19, 25] . The values of K reported in the (Table 4) . It is resulted from the experimental data that the Consequently, the results of the kinetic studies obtained from the lab-scale experiments can be used for estimating treatment efficiency of a full-scale process under similar operational conditions. Therefore, the Stover-Kincannon model could be used in the design of the UAASFFF bioreactor. As seen in Table 4 , a wide range of kinetic constants (U and K ) were determined 
TN Removal
Process Description: During the course of the system's operation, the removal of the nitrogen contents was also monitored. The influent and effluent concentrations of TN, TKN and nitrate for steady state conditions are presented in Table 2 . The concentration of ammonium nitrogen in this study was in the range of 50-250 mg/l. The performance of the UAASFF reactor under different HRT, COD:N:P ratio and aeration time is shown in Table 3 . The results indicate that high efficiencies of TN removal were attained at high HRT and low aeration time.
A reverse impact of the aeration time on TN removal was observed as the variable increased (Table 2 ). An increase in the aeration time (from 30 to 40 min/h) caused an increase in the response due to higher NO production as 3 - well as the favored condition for denitrification resulted from high DO consumption rate. Further increment in the variable (from 40 to 50 min/h) decreased the response. This was due to domination of nitrification over denitrifiction process, which was originated from much shortened time of settling. The maximum TN removal efficiency was found to be 79% at HRT, COD/N ratio and aeration time of 6.5 h, 12 and 40 min/h, respectively. It has been argued that the TN removal process is so complex that it cannot be adequately described solely by the first-order reaction equation, with good degree of denitrifiers in the biomass contents of the bioreactor was not investigated, so the Monod model could not be reliably employed to describe the TN removal process. Therefore, in this study the kinetic of the TN removal was studied using second-order and Stover-Kincannon models.
Kinetic Evaluation for TN Removal Second-Order Substrate Removal Model:
Grau second-order model coefficients were determined by plotting Eq. (14) (Fig. 5a-e) . The values of k , a and b are 2(s) presented in Table 5 . The R of the second-order kinetic 2 model was in the range of 0.79-1.0. Coefficients (a and b) for different aeration time and COD/N ratio studied are shown in Table 5 . It is clear from the results that the both variables were effective on the k . It was found that with 2(s) an increase in aeration time, the average k was increased 2(s) while with an increase in COD/N ratio the average k was 2(s) decreased.
Stover-Kincannon Model:
This model is capable of predicting substrate removal at any loading conditions, no matter which order kinetics [36] . Table 5 , the saturation constant (K ) and the maximum utilization while an increase in COD/N ratios caused a decrease in the constants. It was attributed to that the nitrogen serves as an essential nutrient for all living organisms, including the heterotrophic bacteria that remove organic pollutants from wastewater. Therefore, as aeration time increases, a greater percentage of nitrogen is removed via bacterial growth and reproduction (i.e. assimilation into new cell mass). wastewater is closely dependent upon the phosphorus g/l.d, respectively). This could be attributed to the release in anaerobic conditions and on the subsequent relatively high nitrogen loading rate applied to the uptake process of the excess phosphorus including bioreactor in this study.
that contained in wastewater in aerobic conditions. This basic information indicates that control of anaerobic different coefficient (U and K ) were computed as (or anoxic) and aerobic conditions are of great importance presented in Table 6 . Determination coefficient showed to biological phosphorus removal. In the present study, very good regression (R =0.96). The values of U and K as the system is intermittently aerated, a micro anaerobic were in the range of 0.07-0.42 g1/l.d and 0.09-0.89 g/l.d, environment seems to be provided in the biofloc formed respectively. From the results, the maximum values of in the process. The maximum observed phosphorus U and K were obtained to be 0.42 and 0.89 g P/l.d for removal efficiency was about 79.1 % at COD:P ratio and aeration time and COD/P ratio 50 min/h and 20, aeration time 20 and 30 min/h, respectively. While, the respectively; while the minimum values of these minimum value of the response (23.3 %) was obtained at parameters were 0.07 g/l.d and 0.09 g/l.d for aeration time COD:P ratio and aeration time 50 and 50 min/h, and COD/P ratio, 50 min/h and 50, respectively. respectively. As shown in Table 3 , the response decreased upon increasing the aeration time. An increase CONCLUSION in aeration time causes a decrease in the anaerobic time when the PAOs accumulate polyhydroxy butyrate (PHB) Kinetic analysis of the UAASFF bioreactor using the from volatile fatty acids (VFAs) produced. In this process, experimental data obtained under different HRT, COD: N: glucose as the individual source of VFAs requires P ratio and aeration time was successfully preformed. The sufficient time for acidification [37] . The reason for the maximum removal efficiencies of COD, TN and TP were decrease in phosphorous removal at high aeration time obtained 93.6, 79 and 79.1 %, respectively. All the models was due to the presence of nitrate, which inhibits the examined, gave high correlation coefficients, for carbon, fermentation processes producing VFAs in the anaerobic nitrogen and phosphorus removal. The maximum U for zone.
COD, TN and TP were found to be 22.56, 5.43 and 0.42
Kinetic Evaluation for TP Removal suggesting that the reactor possessed an excellent COD, Grau Second-order Substrate Removal Model: The N and P removal capacity. second-order kinetic coefficients (k , a and b) are 2(s) summarized as shown in Table 6 . Very high agreement ACKNOWLEDGEMENT was found between the experimental and the model data (R =0.96). The second-order substrate removal rate
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